INTRODUCTION
============

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancer types, and is associated with rapid degeneration and resistance to treatment. Because the symptoms are nearly imperceptible, the disease eludes detection period, which leads to a 5-year survival rate of ≤ 5%. The exact etiology of pancreatic cancer is not known; however, risk factors include smoking and nonhereditary chronic pancreatitis \[[@B1]\]. Pancreatic cancer originates in several cell types, but pancreatic ductal intraepithelial cells are commonly affected at the outset of PDAC \[[@B2]\]. Normally, spontaneous somatic cell mutation develops into cancer, and most frequently mutated genes in pancreatic cancer are *Kras, Ink4a, Tp53, Smad4,* and *Brca2* \[[@B2][@B3]\]. Each of gene plays a role in the developmental stage of pancreatic intraepithelial neoplasia (PanIN), which classified into PanIN-1, PanIN-2, PanIN-3, and PDAC \[[@B4]\].

A pancreatic cancer animal model could provide opportunities for preclinical studies, and understanding complex gene interactions and pathological progression. PDAC animal models have been established with syngeneic tumor graft, human tumor cell-line xenograft, genetically engineered mice (GEM), and patient derived cell xenograft \[[@B5]\]. The xenograft model offers advantages like mimicking genetic and epigenetic abnormality and reproducibility of microenvironment as tumor itself \[[@B6]\], but has a limitation in the reflection of early stage PDAC development. PDAC GEM model could be applied to study cancer biology and its progression and many types of PDAC GEM models have been generated through *Kras*^G12D^ mutations and conditional knock-out systems \[[@B7]\]. Nevertheless, they are hardly applicable, time-consuming, and laborious. which remains the current studies about pancreatic cancer to be localized in *in vitro* level.

Recently discovered clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 is an adaptive defense system in prokaryotic cells, which emerged as a powerful and efficient tool for gene manipulation in eukaryotic cells and embryos \[[@B8]\]. With high potential for site-specific double strand breakage (DSB), CRISPR/Cas9 can be used to perform simultaneous and multiplex gene editing in the embryo \[[@B9]\]; however, CRISPR mediated PDAC animal generation is hardly applicable as several PDAC related genes cause embryonic lethality \[[@B10]\]. Besides, pancreatic cancer GEM model just reflects familial PDAC, but common cause of PDAC is spontaneous somatic cell mutation in the acini cells or pancreatic duct. Thus, *in vivo* somatic cell gene engineering with CRISPR has been receiving attention for generation of cancer in various organs including the lung, liver, brain, retina, and pancreas \[[@B11][@B12][@B13][@B14][@B15][@B16]\]. Even technical advances have been made in *in vivo* PDAC modeling, but a model could be developed based on pre-established Cas9 overexpression, *Kras^LSL-G12D^* or *p53^LSL-R172H^* mice \[[@B15][@B17]\].

In this study, we applied two different CRISPR/Cas9 orthologues such as *Streptococcus pyogens* Cas9 (SpCas9) and *Campylobacter jejuni* Cas9 (CjCas9) for *in vivo* and multiplex somatic cell gene mutations. First, we aimed to develop SpCas9 overexpression mice, and evaluated DSB potential of single guide RNAs (sgRNAs) and adeno associated virus (AAV) tropism in the pancreas. Finally, AAV packed with Cas9 were transduced into the pancreas via the common bile duct and evaluated for DSB frequency and pancreatic cancer development.

MATERIALS AND METHODS
=====================

Animals
-------

C57BL/6 (B6) and FVB mice were purchased from Koatech (Korea), and C57BL/6.TgTn (pb-CAG-SpCas9/RFP) (B6.SpCas9) was produced by in-house generation. All mice were maintained under SPF grade with *ad libitum* access to water and food. This study was approved by the Institutional Animal Care and Use Committees of Seoul National University (SNU-160913-2) and was conducted in accordance with the approved guidelines.

Designing of sgRNA and HDR template
-----------------------------------

Among PDAC related genes, *Kras, Ink4a1, CdKn2a-ex1β, Tp53, Smad4* and *Brca2* were selected as targets \[[@B2][@B18]\]. In addition, SpCas9 and CjCas9 were applied for gene editing. In order to modify *Kras*^G12D^ substitution, sgRNAs were designed in adjacent site of 12th codon according to orthologue specific PAM sequence as 5′-NGG-3′ in SpCas9 and 5′-NNNNRYAC-3′ in CjCas9. Donor templates were prepared with homology arms and silent mutations were done to prevent re-cutting by CRISPR. With relatively high frequency of PAM sequence of SpCas9, sgRNA binding site could cover target region, so just one sgRNA and small number of silent mutations could be applicable. sgRNA binding site for CjCas9 is far from target site; thus, two different sgRNAs and relatively many number of silent mutations was needed in homology directed repair template. For loss of function gene editing, same sgRNA sequences with previous report were used in SpCas9 \[[@B16]\], and sgRNA sequences for CjCas9 were determined by *in silico* designing with 22 base pair sgRNA binding sequences \[[@B19]\]. Targeting map and all sgRNA sequences are listed in [Supplementary Fig. 1](#S4){ref-type="supplementary-material"} and [Supplementary Table 1](#S1){ref-type="supplementary-material"}.

DSB potential evaluation of sgRNAs
----------------------------------

After cloning AAV-CRISPR plasmids as [Fig. 1A](#F1){ref-type="fig"}, DSB potentials of each sgRNA were evaluated using embryos. 50 ng/μL of AAV-SpCas9 and 15 ng/μL AAV-3 sgRNA plasmid and AAV-CjCas9-3 sgRNA were microinjected into one-cell stage embryos and cultured till the blastocyst stage. After polymerase chain reaction (PCR) for each target, amplicons were subjected to hetero-duplex formation, followed by running on an sodium dodecyl sulfate--polyacrylamide gel electrophoresis gel. DSB potential was estimated with the existence of unspecific fragment by comparing with wild-type (WT) \[[@B20]\]. Primer sequences in this study are listed in [Supplementary Table 2](#S2){ref-type="supplementary-material"}.

![Brief schematic of *in vivo* gene targeting with CRISPR/Cas9 (A) Vector maps of AAV-SpCas9, AAV-3 sgRNA, and AAV- CjCas9-all-in-one used in this study. Five different rAAV vectors were prepared by synthesis and cloning. Blue box: ITR sequence from AAV2, arrow box: promoter, brown box: sgRNA sequence. (B) SpCas9 overexpression mouse generation with PiggyBac transposon system. pCAG-SpCas9-RFP-pA insert was incorporated into host genome by transposase. Gene integration confirmed by RFP expression under stereoscope microscope. (C) Experimental group of *in vivo* gene targeting for pancreatic cancer development. WT C57BL/6 mice were injected with three AAVs; AAV2-SpCas9, AAV2-3 sgRNA (*Kras-Ink4a1-In4a2*-HA) and AAV2-3 sgRNA (*Trp53-Smad4-Brca2*) into common bile duct in group 1. Instead of AAV2-SpCas9 injection, SpCas9 overexpression mice were applied in group 2. WT FVB mice and all-in-one type two AAVs (AAV2-CjCas9-sgRNA for *Kras, Ink4a*-HA and AAV2-CjCas9-sgRNA for *Trp53, Smad4, Brca2*) were injected in group 3. Detailed information of each target is provided in [Supplementary Fig. 1](#S4){ref-type="supplementary-material"} and [Supplementary Table 1](#S1){ref-type="supplementary-material"}.\
AAV, adeno associated virus; SpCas9, *Streptococcus pyogens* Cas9; CjCas9, *Campylobacter jejuni* Cas9; sgRNA, single guide RNA; CRISPR, clustered regularly interspaced short palindromic repeats; rAAV, recombinant adeno associated virus; WT, wild-type.](jvs-21-e26-g001){#F1}

Generation of SpCas9 overexpression mice with PiggyBac transposon system
------------------------------------------------------------------------

Plasmid vector harboring ITR-CAG promoter-SpCas9/RFP-PuroR-pA-ITR (pPB-SpCas9/RFP) was synthesized ([Fig. 1B](#F1){ref-type="fig"}). Next, one-cell stage embryos were obtained after pregnant mare\'s gonadotropin (Prospec Bio, USA) and human chorionic gonadotropin (Prospec Bio) injection and followed by microinjection into pronucleus with PB-SpCas9/RFP and transposase plasmid. After embryo transfer into the oviduct of recipient foster dams, the produced pups were genotyped via PCR.

Analysis of AAV2 tropism in the pancreas
----------------------------------------

In order to identify AAV2 tropism in pancreas ductal epithelial cell, 1.29 × 10^10^ MOI of AAV-enhanced green fluorescent protein (eGFP) was injected into pancreas via common bile duct. Briefly, after anesthetizing, dissection was performed on the lower abdomen and diaphragm, the duodenum was gently pulled over and was covered with wet gauze for preventing dry, and AAV was injected into sphincter of oddi under the microscope with a 30-gauge needle after placing microclip close to cystic duct \[[@B15]\]. After 3 and 7 weeks from AAV-eGFP injection, GFP signal on pancreas region was detected with fluorescence stereo-microscopes (Leica, Germany).

Recombinant AAV (rAAV) preparation
----------------------------------

Vector for AAV2-CMV-SpCas9-pA (pAAV-SpCas9), AAV2-3 U6 and sgRNAs (pAAV-3 sgRNA), and AAV2-EF1-CjCas9-pA-3 U6 and sgRNAs (pAAV-CjCas9-3 sgRNA) were prepared for rAAV production. In house rAAVs production was conducted with AAVpro helper free system (Takara, Japan) according to the manufacturer\'s instruction. Briefly, each plasmid of AAV-SpCas9, AAV-3 sgRNA and AAV-CjCas9-3 sgRNA were co-transfected into HEK293 cells with helper and AAV2 specific Rep/cap plasmid using calcium phosphate transfection method and cultured for 4 days in 2% fetal bovine serum and 5% CO~2~. After AAV purification with commercial kit, quantitative PCR based titration was conducted with primers located in the inverted terminal region and stored at −80°C until use.

*In vivo* transduction with AAVs-SpCas9 and AAV-CjCas9 in the pancreas
----------------------------------------------------------------------

Five-weeks-old B6, B6.SpCas9 and FVB mice were subjected to AAV transduction. 2.6 × 10^10^ of AAV-SpCas9 and 2 different AAV-3 sgRNAs *(Ink4a1-Ink4a2-Kras* and *Trp53-Smad4-Brca2*) with 1.3 × 10^10^ viral particle were transduced into B6 mice as group 1. B6.SpCas9 mice were used as group 2, and only 1.3 × 10^10^ viral particle of 2 types AAV-3 sgRNA were transduced. Group 1 and 2 utilized SpCas9 orthologue with B6 background mice, group 3 used CjCas9 orthologue with FVB mice, and 2 types all-in-one type AAV-CjCas9-3 sgRNA (CjCas9-*Ink4a-Kras1-Kras2* and CjCas9-*Trp53-Smad4-Brca2*) were applied with 1.3 × 10^10^ viral particle ([Fig. 1C](#F1){ref-type="fig"} and [Supplementary Table 2](#S2){ref-type="supplementary-material"}). The same volume of saline was injected into the pancreas in B6, B6.SpCas9 and FVB for control (n = 5 per each group).

Sequencing for indel and SNP detection in target genes
------------------------------------------------------

After 6 and 12 months of AAV transduction, pancreatic tissues were homogenized with glass-bead and genomic DNA was extracted by conventional phenol-chloroform method. In order to analyze insertion/deletion (indel) frequency, PCR amplicons for each target were applied to Sanger sequencing and analyzed with software algorithm of Synthego ICE tool (<https://ice.synthego.com>) \[[@B21]\]. Primers used in this study are listed in [Supplementary Table 3](#S3){ref-type="supplementary-material"}.

Histological examination for cancer development
-----------------------------------------------

Formalin fixed pancreas tissues used for hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) analysis. In H&E staining, deparaffinized tissues were stained with 0.1% of Mayer\'s H&E solution. In IHC, slides were blocked with control serum, followed by primary and secondary antibodies incubation and signal detection. Briefly, rabbit anti-mouse antigen KI-67 (Ki67), pan-cytokeratin, Mucin5α and alpha smooth muscle actin (αSMA) (Biorbyt, USA) was used for primary antibodies and Vectastain ELITE ABC kit with diaminobenzidine (Vectorlaboratories, USA) was used for detection.

RESULTS
=======

SpCas9 overexpression mice was produced by PiggyBac system
----------------------------------------------------------

In order to develop *in vivo* gene modifications in the five genes, we applied AAV and two different cas9 orthologues. In addition, viruses such as AAV, adenovirus and lentivirus have been applied to develop somatic cell *in vivo* gene editing \[[@B12][@B15]\]. AAV is the most widely utilized virus for *in vivo* gene editing but it has approximately 4.7 kbp cargo capacity limitation \[[@B22]\], and large-sized CRISPR orthologue such as SpCas9 cannot be packed into AAV together with sgRNA producing sequence, thus splitting it into two parts as AAV-SpCas9 and AAV-sgRNA is commonly utilized \[[@B23][@B24]\]. Owing to this reason, three AAV vectors were needed for SpCas9, but just two AAV vectors for CjCas9 ([Fig. 1A and C](#F1){ref-type="fig"}). As multiple co-delivery would be less efficient in AAV-CRISPR mediated *in vivo* gene modification, we tried to generate SpCas9 overexpression mice with PiggyBac system. As expected, B6.SpCas9 exhibited high RFP signal expression in the pancreas, brain, and muscles ([Fig. 1B](#F1){ref-type="fig"}), and was applied to further *in vivo* AAV-SpCas9 transduction for the pancreas.

SpCas9 and CjCas9 exhibited high DSB potential in target genes
--------------------------------------------------------------

In DSB potential analysis with SpCas9-sgRNA, PCR and hetero-duplex PAGE assay on genomic DNA extracted from blastocysts of microinjected embryos revealed various cleavage efficiencies by the genes, which are *Kras* (87.5%, 7/8), *Ink4a1* (*CdKn2a-ex1β*) (75%, 6/8), *Ink4a2* (*CdKn2a-ex2*) (75%, 6/8), *Tp53* (25%, 2/8), *Smad4* (37.5%, 3/8), and *Brca2(*12.5%, 1/8) ([Fig. 2A](#F2){ref-type="fig"}). Further, DSB potential analysis for CjCas9 presented as *Kras* (100%, 8/8), *Ink4a2* (*CdKn2a-ex2*) *(*37.5%, 3/8), *Tp53* (50%, 4/8), *Smad4* (12.5%, 3/8), and *Brca2* (0%, 0/8) gene ([Fig. 2B](#F2){ref-type="fig"}). Even CjCas9 in *Brca2* could not develop DSB in the embryo; overall, DSB potential seemed to be high enough for application of further *in vivo* gene editing.

![Evaluation of DSB efficiency and AAV2 tropism in pancreas (A) and (B). Cas9 messenger RNA and 3 single guide RNAs plasmid were co-injected into 1 cell stage embryos and DSB was evaluated by hetero-duplex formation and SDS-PAGE gel. Red letters indicate DSB and black arrow indicates the target size of each polymerase chain reaction reaction. DSB efficiency presented as number of embryos with DSB/number of total embryos used (%). (C) After 3 weeks of AAV2-eGFP injection into pancreas, GFP expression analyzed with stereoscopic microscope. White guideline distinguishes each of the organs and white arrows indicates spots for GFP expression. Statistical analysis was performed using Student\'s *t*-test.\
SpCas9, *Streptococcus pyogens* Cas9; CjCas9, *Campylobacter jejuni* Cas9; DSB, double-strand DNA breakage; SDS-PAGE, sodium dodecyl sulfate--polyacrylamide gel electrophoresis; AAV, adeno associated virus; eGFP, enhanced green fluorescent protein; GFP, green fluorescent protein; WT, wild-type.](jvs-21-e26-g002){#F2}

AAV2 showed tropism in pancreatic duct
--------------------------------------

One of the ultimate conditions for successful *in vivo* gene targeting is to deliver a gene directly into the target organ or specific cells. AAVs exhibit serotype dependent tropism \[[@B22]\]; serotype selection and tropism validation are an important factor for AAV mediated *in vivo* transduction. Because AAV2 has diverse tissue tropism and is easily obtained by in-house rAAV production \[[@B22]\], we selected AAV2 as the target serotype for *in vivo* gene editing in the pancreas. Next, AAV2 tropism in pancreas with C57BL/6 and FVB was confirmed with directly injecting GFP packaging AAV into the common bile duct of the pancreas. GFP signal was higher at 3 weeks than 7 weeks after AAV transduction, and signal intensity remarkably decreased at 7 weeks ([Supplementary Fig. 2](#S5){ref-type="supplementary-material"}). In detail, the GFP signal was highly expressed in the common bile duct and adjacent duct; in addition, it was detected in the entire region of the pancreas with a diffuse and multi-focal pattern. The reason of high GFP signal expression in the common bile duct is uncertain, but it might be caused by transduction during injection, or under clearance after GFP synthesis in the transduced pancreas cell. Nevertheless, no GFP expression in the liver suggests that our pancreatic injection method was applicable in local pancreatic injection. Taken together, AAV2 could survive and produce protein for several weeks in the pancreas, and injection into common bile duct is applicable for pancreatic duct specific AAV transduction ([Fig. 2C](#F2){ref-type="fig"} and [Supplementary Fig. 2](#S5){ref-type="supplementary-material"}).

AAV-CRISPR developed DSB and SNP in the pancreas
------------------------------------------------

Since it was difficult to separate only the tumor tissue, the indel frequency was analyzed using DNA of the whole pancreas tissue. In the *Trp53* gene, group 1 mice exhibited no indel, but group 2 mice with the same sgRNA presented approximately 5% indel frequency. Similarly, the *Kras* gene developed relatively higher indel frequency in group 2 mice than group 1 mice. This suggests that SpCas9 overexpression mice are better than WT for *in vivo* gene editing. This might be caused by a limitation on simultaneous transduction of 2 different AAVs into the same cells, but endogenous SpCas9 expression in group 2 mice gave an advantage for this. In addition, even SpCas9 showed relatively high DSB formation potential in embryos ([Fig. 2A and B](#F2){ref-type="fig"}), but CjCas9 exhibited higher DSB frequency than SpCas9 in *Trp53* and *Kras* at *in vivo* gene editing. The other target genes such as *Brca2* and *Smad4* did not develop high DSB frequency, but *Ink4a* targeting seemed to develop high indel frequency ([Fig. 3A](#F3){ref-type="fig"}). On comparison of the indel efficiency between targets in the same AAV vector (*Ink4a-Kras* and *Trp53-Smad4-Brca2*), DSB potential seemed to depend on sgRNA DSB potential than location of the cloning vector. In the additional analysis for *Kras*^G12D^ mutation, mice in all the groups exhibited low frequency of mutation. This SNP and indel frequency seemed to be lower than that recently reported in a study \[[@B17]\]. However, we collected whole pancreatic tissue for analyzing overall gene editing efficiency, but previous studies analyzed genomic DNA from neoplasm tissues, and this difference would probably have led to relatively low *in vivo* targeting efficiency.

![DSB frequency analysis and macroscopic examination (A) Indel frequency of target genes was analyzed with Sanger sequencing and algorithm of Synthego ICE tool. Each dot indicates DSB rate from each mice. Statistical analysis was performed with Student\'s *t*-test, and *p* \< 0.05 indicated significantly different. (B) Appearance and microscopic analysis on pancreas. Red arrow: abnormal lesion, yellow arrow: islet hyperplasia, black arrow: peri-ductal lymphocyte infiltration and mesentery lymph node, white bar, 200 µm.\
DSB, double-strand DNA breakage.](jvs-21-e26-g003){#F3}

AAV-CRISPR induced immune cell infiltration in pancreas
-------------------------------------------------------

None of the mice exhibited symptoms such as weakness, hunching, or jaundice until 12 months. After 6 months from AAV transduction, histological analysis of pancreatic tissues was performed, but no mice developed remarkable neoplasia formation. However, islet hyperplasia in group 2 mice and lymphoid cell infiltration in group 3 mice were observed ([Fig. 3B](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Whereas at 12 months after AAV transduction, several abnormal appearances in group 2 and 3 mice were noted. Furthermore, mice in all the groups exhibited severe peri-ductal immune cell infiltration, and this was similar to the previously reports in pancreatic cancer model \[[@B25]\]. A large-sized mass of immune cells, which seemed to be mesenteric lymph node, penetrated the pancreas in group 2 mice. Additionally, the mouse displayed loose dispersed mesenteric pattern pancreas, but fusion and lymph node penetration seemed to be an uncommon finding ([Fig. 3B](#F3){ref-type="fig"} and [Supplementary Fig. 3](#S6){ref-type="supplementary-material"}).

###### Summary of *in vivo* gene targeting for developing pancreatic cancer

![](jvs-21-e26-i001)

  Group                                    Strain                            Component                                6 (mo)                       12 (mo)
  ---------------------------------------- --------------------------------- ---------------------------------------- ---------------------------- ------------------------------------------------------------------------------------------------------
  Group 1                                  B6                                AAV-SpCas9                               \-                           Lymphoid cell infiltration
  AAV-*Ink4a1*-*Ink4a2*-*Kras*-*Kras* HA   Cancer marker expression (αSMA)                                                                         
  AAV-*Tp53*-*Smad4*-*Brca2*                                                                                                                       
  Group 2                                  B6.PB-SpCas9                      AAV-*Ink4a1*-*Ink4a2*-*Kras*-*Kras* HA   Islet hyperplasia            Mesentery lymph node penetration, PanIN, cancer marker expression (Ki67, cytokeratin, Mucin5a, αSMA)
  AAV-*Tp53*-*Smad4*-*Brca2*                                                                                                                       
  Group 3                                  FVB                               AAV-*Ink4a*-*Kras1*-*Kras2*-*Kras* HA    Lymphoid cell infiltration   Mesentery lymph node penetration, PanIN, cancer marker expression (Ki67, cytokeratin, αSMA)
  AAV-*Tp53*-*Smad4*-*Brca2*                                                                                                                       

AAV, adeno associated virus; SpCas9, *Streptococcus pyogens* Cas9; αSMA, alpha smooth muscle actin; PanIN, pancreatic intraepithelial neoplasia.

AAV-CRISPR induced PanIN after 12 months
----------------------------------------

Next, we evaluated pancreatic cancer development via microscopic examination. Mice in group 2 and 3 presented pancreatic cancer lesion in the duct. However, cancer lesion was not found in organs other than pancreas in all groups. In detail, group 2 mice exhibited PanIN with flat and columnar epithelium \[[@B4]\], and expression of cancer markers such as cytokeratin, αSMA, Mucin5a, and Ki67. Group 3 mice also developed remarkable histological changes, and they exhibited PanIN-like lesions and cancer marker expression in the duct area ([Fig. 4A and B](#F4){ref-type="fig"}). The αSMA, a marker of pancreatic stellate cell activation \[[@B26]\], exhibited strong expression in ductal epithelial cells of group 2 mice, and slightly high in group 3 mice ([Fig. 4A](#F4){ref-type="fig"}). Mucin5a, which is pancreatic cancer marker and has an important role for tumor development, progression, and metastasis \[[@B27]\] also highly expressed in ductal epithelial cells and islet cells in group 2 mice ([Fig. 4A](#F4){ref-type="fig"}). Pan-cytokeratin, αSMA and Mucin5a, positive cells were just observed in the ductal area, but ki67, a marker of cell proliferation and marker of pancreatic neuroendocrine cancer \[[@B28]\], is detected in the margin of islet cells of group 2 and 3 mice ([Fig. 4B](#F4){ref-type="fig"}). αSMA and Mucin5a co-expressed at the same epithelial duct site, but the expression of pan-cytokeratin and ki67 was observed at different sites, and this may be due to the difference in characteristics of each marker. Notably, high and multi-focal αSMA expression in groups 1, 2, and 3 mice in the acini of the exocrine pancreas was observed. The intensity of αSMA expression was higher in group 2 and 3 than group 1 mice ([Fig. 4C](#F4){ref-type="fig"}). Overall cancer marker expression was similar for each animal in the group. In summary, group 1 mice (B6. AAV-SpCas9, AAV-sgRNAs) did not develop pancreatic cancer, but group 2 (B6-SpCas9, AAV-sgRNAs) and group 3 (FVB, AAV-CjCas9-sgRNAs) mice developed early stage of PanIN. Cancer lesion seemed to be detectable after 6 months of AAV-CRISPR transduction, and this is similar to previous reports \[[@B29]\].

![Histological and IHC analysis for evaluation of pancreatic cancer development (A) and (B) H&E stain and IHC for pan-cytokeratin, αSMA, Mucin5a, and Ki67 was conducted with formalin fixed pancreatic tissues. Black arrow: PanIN lesion or cancer marker expression. Black scale bar: 50 µm (C) IHC for αSMA marker. Yellow scale bar, 100 µm.\
IHC, immunohistochemistry; αSMA, alpha smooth muscle actin; H&E, hematoxylin and eosin; PanIN, pancreatic intraepithelial neoplasia.](jvs-21-e26-g004){#F4}

DISCUSSION
==========

Pancreatic cancer is the most lethal cancer type, but very few PDAC animal models have been reported for studying its mechanism and therapy. Because multiple gene mutations must occur for developing pancreatic adenocarcinoma, it is nearly impossible to generate an appropriate model by embryo manipulation. Alternatively, *in vivo* gene edited cancer models may serve as fundamental platforms for studying not only early stage neoplasia development and progression in gene levels, but also stromal environmental and immune response \[[@B15]\]. In this study, we present *in vivo* gene editing mediated PanIN development in WT and cas9 overexpression mice, using SpCas9 and CjCas9, respectively.

For *in vivo* gene editing, AAVs are currently the leading candidates for virus-based gene manipulation because of their broad tissue tropism, non-pathogenic nature, and low immunogenicity \[[@B30]\]. Although AAV6 exhibited high pancreatic tropism \[[@B31]\], we applied AAV2 for *in vivo* CRISPR delivery to establish animal model for early stage neoplasia development. As AAV solution was injected via common bile ductal route, local and high transduction only in the pancreatic ductal area was expected. However, a multifocal and diffuse pattern of AAV transduction was observed in AAV-GFP experiment and αSMA expression. Considering that pancreatic cancer originates from the acini or duct in most cases \[[@B32]\], this would be helpful for developing multi-focal pancreatic neoplasia, which has high relevance in human pancreatic cancer.

SpCas9 has simple PAM (5′-NGG-3′) and develops a relatively higher DSB frequency than other CRISPR orthologues that have been previously reported for *in vivo* cancer modeling utilizing SpCas9 orthologues \[[@B12][@B15][@B16][@B17][@B29]\]. In this study, we also applied SpCas9 for DSB formation for the selected targets. With the AAV cargo capacity limitation, we needed to utilize three different AAVs for five targets, and expected tri-co-transduction in single cells; however, no evidence exists for pancreatic cancer development in group 1 mice. Like the previous study, SpCas9 overexpression mice with two AAV groups developed PanIN, suggesting that SpCas9 overexpression mice seemed to be a necessary factor for successful *in vivo* gene editing-mediated disease modeling. Even though mice are commonly utilized for cancer research, genetic distance with humans causes pathological difference such as in the case of *Apc*^Min^ \[[@B33]\]. Thus, *in vivo* gene editing with a mid-sized animal could be an alternative, but only simple knock-out or transgenic mid-sized animals have been produced as cancer models \[[@B34]\]. For versatile application, we tried to evaluate a small-sized Cas9 orthologue, which does not need a transgenic animal, for *in vivo* cancer modeling with a WT animal. The overall cancer progression seemed to be slower in CjCas9 (group 3) than SpCas9 (group 2), but indel frequency was relatively high in CjCas9. Indeed, AAV-all-in-one CjCas9 could develop simultaneous DSB formation for 3 different targets, and this suggests that CjCas9 could be applicable for *in vivo* gene editing including mid-sized WT animals.

For *in vivo* cancer development, we selected five target genes: *Kras^G12D^, Trp53, Smad4, Brca2,* and *Ink4a*. According to previous reports, the gain of function of *Kras* gene mutation initiate neoplasm formation and was observed in more than 90% of pancreatic cancer patients \[[@B35]\], and *Trp53* and *Ink4a* exhibited relatively high mutation rate than *Smad4* and *Brca2* \[[@B18]\]. Even mutation of each candidate genes enrolled in specific PanIN stage, we tried to develop simultaneous multiplex gene mutation for avoiding multiple surgery for AAV transduction. AAV-SpCas9 and AAV-CjCas9 developed PanIN, but there is no evidence of metastasis and overall progression is slower than previous *in vivo* pancreatic cancer modeling \[[@B17][@B29]\]. The reason for the slow PanIN development is still uncertain, but the transduction with lower AAV particles number than other studies and the low frequency of *Kras*^G12D^ would cause this. In addition, the influence of transduction route on slow PanIN development could not be confirmed, whether common bile duct or direct pancreatic injection, but unexpectedly, ductal injection developed slower and early grade PanIN than direct pancreatic injection \[[@B15][@B17][@B29]\]. However, there were several findings such as 1) multiple DSB potential of AAV-CjCas9, 2) peri-ductal lymphocyte infiltration in every groups, 3) multi-focal cancer marker expression with AAV mediated gene editing, and 4) need more than 12 months for developing initiation of PanIN in AAV mediated targeting.

In this study, we analyzed the subjects for 12 months from AAV-transduction; thus, further progression was not evaluated. In addition, we did not compare the efficiency of *in vivo* editing for other AAV serotypes, lipid nanoparticle or other delivery tools \[[@B36]\]. However, slow cancer development without remarkable symptom would have relevance with human PDAC. In conclusion, *in vivo* gene editing furnished fundamental knowledge for cancer biology and insights into further gene therapy. We have developed an *in vivo* gene editing-based pancreatic cancer model utilizing SpCas9 and CjCas9, and the animals presented PanIN lesions and other aforementioned characteristics. Notably, CjCas9 exhibited high DSB potential for multiple targets, and it is advantageous for *in vivo* gene editing on WT.
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=======================

###### Supplementary Table 1

Sequences of sgRNA in this study

###### Supplementary Table 2

Summary of *in vivo* gene targeting group

###### Supplementary Table 3

Primer sequences used in this study

###### Supplementary Fig. 1

Brief targeting map for DSB formation and *Kras* ^G12D^ mutation. For loss of function development in various target genes, single sgRNA applied in *Trp53*, *Brca2,* and *Smad4*, but dual sgRNA applied in *Ink4a* for preventing protein synthesis by alternative splicing. In *Kras*^G12D^ generation with SpCas9, one sgRNA were selected, and HDR template with G12D and two silent mutation was incorporated. While in CjCas9 for *Kras*^G12D^, two sgRNAs applied, and nine silent mutation was incorporated in the HDR template. Red alphabet: target site for 12th exon (pG12D), red bar: PAM sequence with 5′-NGG-3′ or 5′-NNNNRYAC-3′. Blue alphabet: silent mutation.

###### Supplementary Fig. 2

AAV2 tropism evaluation in pancreas by AAV2-GFP injection. 1.29 × 10^10^ MOI of AAV-GFP were injected into common bile duct, and GFP expression was confirmed after three weeks and seven weeks. Diffuse and multifocal GFP expression was observed in whole region of pancreas after three weeks from AAV-GFP transduction. In seven weeks after AAV-GFP transduction, spot number of GFP expression decreased and weaken.

###### Supplementary Fig. 3

Microscopic analysis on pancreas. Histological images of mesentery lymph node in group2 and group 3 (40×). The black squares are the image range of (B) (12 months, group 2 and 3).
